A series of electroactive triarylamine porous organic polymers (POPs) with furan, thiophene, and selenophene (POP-O, POP-S, and POP-Se) linkers have been synthesised and their electronic and spectroscopic properties investigated as a function of redox state. Solid state NMR provided insight into the structural features of the POPs, while in situ solid state Vis-NIR and electron paramagnetic resonance spectroelectrochemistry showed that the distinct redox states in POP-S could be reversibly accessed. The development of redox-active porous organic polymers with heterocyclic linkers affords their potential application as stimuli responsive materials in gas storage, catalysis, and as electrochromic materials.
Introduction
Porous organic polymers (POPs) comprise only lightweight elements with covalent linkages, and typically have high porosities and low densities. [1] They are particularly versatile as the intrinsic properties of the polymer, such as conductivity, pore size, or catalytic activity, can be tuned by varying the monomer components used. [1] The high chemical stabilities resulting from the linking covalent bonds have made them ideal candidates for applications in gas storage, [2, 3] separation, [4] and catalysis, among others. [5] [6] [7] [8] Of particular interest is the inclusion of electroactive components into POPs to yield materials capable of switching between different redox states. [9] [10] [11] Due to the different spectroscopic, host-guest, and conductive properties afforded by the different states, redox-active POPs may have applications in organic electronics, in electroswing adsorption, and as electrochromic materials. The high degree of tunability afforded by the inclusion of different linker substituents allows the desired properties of the material to be engineered on the molecular scale.
Triarylamines are redox-active groups capable of a one electron oxidation to form a radical cation state. The efficiency of triarylamines as hole conductors in organic polymers and films has been previously demonstrated where the degree of electron transfer is able to be tuned by variation of the linker between triarylamine cores. [9, 10, [12] [13] [14] Heterocycles such as thiophenes have been demonstrated to provide efficient electron transfer between 'holes' in a system, with high charge carrier mobility in addition to good thermal and photo stabilities. [15, 16] Systematic variation in the heterocycle used, from furan through to thiophene and selenophene, is hypothesised to result in increasingly electronically delocalised materials by virtue of the more diffuse orbitals of the heteroatoms further down the periodic table. [17] In this work, we have synthesised six new electroactive porous organic polymers with furan, thiophene, and selenophene linkers in combination with the redox-active triarylamine core (POP-O, POP-S, and POP-Se) and redox-inactive benzene core (POP-O1, POP-S1, and POP-Se1). The porosities of the polymers have been investigated using gas adsorption measurements with N 2 and H 2 while the spectroscopic features of the polymers in each of their redox states have been determined using both in situ spectroelectrochemical and ex situ chemical oxidation approaches. The interplay of the electronic and spectroscopic properties in these organic materials is of particular interest with regards to the design of future electrochromic and conductive systems.
Results and Discussion

Synthesis and Characterisation
The organic polymers were synthesised via a SonogashiraHagihara cross coupling reaction with tris (4-ethynylphenyl) amine (POP-O, POP-S, and POP-Se) or 1,3,5-tris(4-ethynylphenyl)benzene cores (POP-O1, POP-S1, and POP-Se1) and 2,5-dibromofuran, 2,5-dibromothiophene, or 2,5-dibromoselenophene linkers (Scheme 1). The polymers were amorphous and were obtained as either yellow (POP-O1, POP-S1, POP-Se1) or red solids (POP-S, POP-O, POP-Se). The neutral polymers displayed relatively high thermal stabilities with decomposition occurring above 3508C. The initial weight loss below 1008C can be attributed to loss of methanol from the pores of the polymer (Fig. S1, Supplementary Material) .
The successful formation and characterisation of the polymers was verified by the solid state NMR 13 C cross polarisation (CP) magic-angle spinning (MAS) and 13 C CP non-quaternary suppression (NQS) spectra (Fig. 1) . For all polymers, the successful coupling of the linker to the core was indicated by the appearance of two peaks in the region of 80-95 ppm which can be assigned to the quaternary alkynyl carbons formed. The appearance of two peaks is due to the chemical inequivalence of the two carbon positions. The resonance at 140 ppm in the 13 C CP NQS spectra of the furan-containing polymers, POP-O and POP-O1, can be assigned to the quaternary carbons present on the furan ring. In the thiophene and selenophene polymers this peak (along with the alkynyl carbon peaks) was increasingly shifted upfield due to the greater electron density present on the sulfur and selenium atoms when compared with oxygen. The greater rigidity of the benzene core also appears to lead to better defined quaternary carbon peaks between 110 and 135 ppm when compared with the triarylamine core. The broadness of the peaks in the spectra was due to the amorphous nature of these materials.
Electrochemical and Spectroscopic Properties of the Neutral and Oxidised POPs
The cyclic voltammogram of POP-O displays one broad oxidation peak at ,0.75 V versus ferrocene (Fc/Fc þ ) (Fig. S2a , Supplementary Material) due to overlapping contributions from oxidation of the triarylamine core to its radical cation and oxidation of the furan ring. [15, 18, 19] This corresponds well to the electrochemical data previously reported for the 2,5-bis [4- 
furan monomer system where the first three oxidation peaks observed were ascribed to oxidation of the triarylamine core and furan linker. [14] The cyclic voltammograms for POP-S and POP-Se are similar to that of POP-O with one broad oxidation peak at ,0.5 V versus Fc/Fc þ ( Fig. S2b,c ; Supplementary Material), assigned to oxidation of the triarylamine core to its radical cation state in addition to oxidation of the thiophene or selenophene rings. The cyclic voltammograms for POP-O1, POP-S1, and POP-Se1 exhibit a very broad oxidation peak attributed to oxidation of the respective heterocyclic linker (Fig. S3, Supplementary Material) . As expected, the oxidation peak was not as prominent as in the voltammograms of POP-O, POP-S, and POP-Se due to the absence of the triarylamine core.
In POP-O, a broad band centred at ,12500 cm À1 corresponds to the formation of the triarylamine radical cation (Fig. 2a ) and indicates that a significant amount of oxidation has already occurred in the as synthesised material, such that the polymer exists in a partially oxidised state. [20] The presence of a radical species in the as synthesised material was verified by electron paramagnetic resonance (EPR) spectroscopy for POP-O which exhibited a strong EPR signal at g 2.005
( Fig. S5, Supplementary Material) . The band at ,20000 cm À1 is attributed to a charge transfer interaction from the triarylamine core to the furan bridge and is consistent with previous reports for monomeric systems. [14] The broad overlapping bands at . 22500 cm À1 are assigned to the localised aromatic p -p* transitions of the triarylamine core and furan linker. The spectra of POP-S and POP-Se display a strong charge transfer band from the triarylamine core to the thiophene or selenophene bridge at ,21000 cm À1 , while bands . 22500 cm À1 are assigned to localised aromatic p -p* transitions of the triarylamine core and thiophene linker. [19] No EPR signals were observed for the neutral POP-S or POP-Se polymers (Fig. S5 , Supplementary Material), which is supported by the lack of bands in the NIR region of the solid state UV/vis/NIR spectrum.
The UV/vis/NIR spectra of POP-O1, POP-S1, and POP-Se1 displayed bands at energies above 20000 cm À1 attributed to p -p* transitions of the aromatic moieties in 1,3,5-tris (4-ethynylphenyl)benzene (Fig. 2) . The lowest energy band for POP-O1 (24300 cm À1 ), POP-S1 (21800 cm À1 ), and POPSe1 (22790 cm
À1
) was assigned to the intramolecular chargetransfer transition from the HOMO to the LUMO (or pp* transition) of the heterocycle linker. The transition was at higher energy for POP-O1 than POP-S1, which was consistent with prior observations that the HOMO-LUMO gap is smaller for thiophene than for furan bridged linkers. [19, 21, 22] The polymers POP-O, POP-S, and POP-Se were oxidised by the addition of a saturated solution of NOBF 4 in CH 3 CN to generate the oxidised polymers, ox-POP-O, ox-POP-S, and ox-POP-Se respectively. In all cases, the solid changed colour from red to dark brown/black. Oxidation of the triphenylamine units has been hypothesised to enable better hole conduction due to a more electron-poor p-conjugated system. In the UV/vis/NIR spectra of all the oxidised polymers the band located at ,12500 cm À1 was assigned to the D 0 to D 1 transition of the radical cation state of the triarylamine core (Fig. 2) . The presence of the radical was verified by a strong EPR signal at g 2.005 for ox-POP-O and ox-POP-S and g 2.001 for ox-POP-Se (Fig. S5 , Supplementary Material). A red shift in the band due to the pp* transition of the triarylamine core at ,20000 cm À1 in the UV/ vis/NIR spectra was observed for the oxidised polymers when compared with their neutral analogues, which is in accordance with previously reported triarylamine systems. [12] The increasing overlap of the bands at ,12500 and ,20000 cm À1 in the oxidised polymers as the heteroatom is varied from oxygen to sulfur and selenium results in increasingly delocalised and dispersed orbitals. The increased orbital overlap has important implications for electron transfer as this indicates that electrons can be transferred from the excited state of the triarylamine radical cation to the heterocyclic bridge enabling effective conduction along the polymer network.
In situ Vis/NIR and EPR Spectroelectrochemistry of the POPs To verify the observations made in the ex situ chemical oxidation experiments, in situ vis/NIR and EPR spectroelectrochemical experiments were additionally performed on the polymer networks. In the solid-state vis/NIR spectroelectrochemical experiment on POP-O, two bands at 11500 and 15550 cm À1 appeared upon application of a positive potential (Fig. 3a) . The band at 11500 cm À1 can be attributed to formation of the triarylamine radical cation while the band at 15550 cm core and furan bridge. A colour change from red to black was observed during the spectroelectrochemical process (Fig. 3b) . The processes were not reversible, which was consistent with the irreversibility of the anodic processes in the electrochemical data obtained for POP-O (Fig. S2a, Supplementary Material) . The appearance of bands at 11500 and 15550 cm À1 during the in situ measurement corresponds well to the spectra obtained for the ex situ chemically oxidised ox-POP-O.
In POP-S and POP-Se, very broad bands in the NIR region appeared as a positive potential was applied (Fig. 4 and Fig. S4 , Supplementary Material). This low energy transition was assigned to an intervalence charge transfer (IVCT) band potentially indicating electronic communication between adjacent triarylamine cores through the thiophene or selenophene linker. The formation of a shoulder at ,17500 cm À1 (Fig. 4 and Supplementary Material) in POP-S and POP-Se was assigned to a charge transfer process between the triarylamine core and the thiophene or selenophene bridge. [20] Upon oxidation of the triarylamine core to create a 'hole' in the system, an increase in electron transfer between triarylamine centres through the heterocyclic linker manifests as an increase in the intensity of the band at 23000 cm À1 . The formation of a broad band in the NIR region corresponds to the UV/vis/NIR spectra of the chemically oxidised ox-POP-S and ox-POP-Se where all bands were red shifted upon oxidation.
Given the distinct differences in the EPR spectrum of POP-S when compared with that of ox-POP-S (Fig. S5 , Supplementary Material), we chose to study the reversibility of the different redox states in POP-S by EPR spectroelectrochemistry. A small EPR signal for the polymer in the neutral state indicated that a small quantity of the triarylamine core exists in the oxidised state before application of a potential. As a positive potential of 1.7 V was applied to the polymer, the signal increased (Fig. 5) to yield an anisotropic EPR signal that was simulated as an axial system with g | 2.0068 and g || 2.0045 (Fig. S6, Supplementary Material) . A signal decrease was observed as the applied potential was returned to 0 V (Fig. 5) . Despite the potential being held at 0 V for an extended period of time, a small EPR signal was still observed which was similar to that of the original polymer. The polymer was subsequently oxidised and reduced a further two times to assess the reversibility of the system (Figs S6 and S7, Supplementary Material). The increase in signal intensity of the radical with each subsequent oxidation over the same time period suggested structural changes which allowed the polymer to be oxidised with greater ease (Fig. S7, Supplementary Material) . We hypothesise that the pores and interlinked networks of the polymer have potentially been altered to allow greater diffusion of counter-ions into the structure. The peak intensities decreased to those of the starting material indicating that the original neutral state was able to be fully regenerated after each oxidation cycle.
Porosity of the Organic Polymers
Gas adsorption experiments with N 2 and H 2 at 77 K were conducted to determine the porosity of the polymers. All the neutral polymers except POP-Se, which was non-porous to N 2 , displayed similar uptakes of nitrogen and similar BrunauerEmmett-Teller (BET) surface areas (POP-O: 497, POP-O1: 513, POP-S: 520, POP-S1: 540, and POP-Se1: 396 m 2 g À1 ) (Fig. 6a) . A significant hysteresis was observed in the N 2 isotherms at 77 K and may be indicative of flexibility in the polymer networks. The porosities of the polymers decreased markedly upon oxidation to essentially non-porous systems with BET values close to 0. This could be attributed either to collapse of the polymeric networks or occlusion of the pore space by the counter-ion in the oxidised material. The H 2 uptakes of POP-O, POP-O1, POP-S, and POP-S1 were all comparable with a moderate H 2 adsorption of ,5 mmol g À1 at 1100 mbar (Fig. 6b) . The selenophene containing polymers, POP-Se and POP-Se1, exhibited a smaller H 2 uptake of 2-3 mmol g À1 at 1100 mbar despite POP-Se being non-porous to N 2 which may suggest the presence of ultramicropores.
Conclusion
A series of POPs with furan, thiophene, and selenophene linkers combined with the redox-active triarylamine core have been synthesised and their properties characterised as a function of redox state through in situ spectroelectrochemical and ex situ chemical oxidation experiments. The spectroscopic and electronic properties of the polymers changed upon oxidation to the triarylamine radical cation resulting in a darkening in colour corresponding to greater electronic delocalisation and orbital overlap, particularly for POP-S and POP-Se. The robust and reversible redox cycling of the materials, as demonstrated by POP-S, demonstrate the versatility of these electroactive polymers for potential use in electroswing adsorption and electrochromic applications.
Experimental
General Considerations
All chemicals and solvents were used as obtained and without further purification. Tris(p-iodophenyl)amine, [23] 2,5-dibromofuran, [24] 2,5-dibromoselenophene, [25] and Pd(PPh 3 ) 4 [ 26] were synthesised according to literature procedures. Tris(pethynylphenyl)amine was synthesised according to a modification of the reported literature procedure. [27] Acetonitrile and triethylamine were dried over CaH 2 and DMF was dried over activated CaSO 4 . All other reagents and solvents used were obtained commercially and used without further purification. Microanalyses were carried out at the Chemical Analysis Facility -Elemental Analysis Service in the Department of Chemistry and Biomolecular Science at Macquarie University, Australia. POP-O1, POP-S1, and POP-Se1 1,3,5-Tris(4-ethynylphenyl)benzene (100 mg, 0.264 mmol), the heterocylic linker (2,5-dibromofuran, 2,5-dibromothiothene, or 2,5-dibromoselenophene) (0.211 mmol), and Pd(PPh 3 ) 4 (2.40 mg, 0.00211 mmol) were dissolved in a mixture of DMF (3.0 mL) and triethylamine (3.0 mL) and stirred under nitrogen at room temperature for 5 min before the addition of copper(I) iodide (0.800 mg, 0.00422 mmol). The brown solution was heated at 908C for 3 days to obtain a yellow solid. The reaction mixture was filtered and the solid washed consecutively with DMF, chloroform, methanol, water, methanol, and acetone before being air-dried. The solid was then washed with methanol via Soxhlet extraction overnight before being dried under vacuum. Oxidation of Polymers using NOBF 4 The POP (20 mg) was suspended in dry and distilled acetonitrile (2 mL) and the mixture thoroughly degassed. A solution of nitrosonium tetrafluoroborate (10 mg, 0.0860 mmol) in acetonitrile (2 mL) was added slowly dropwise with vigorous bubbling of nitrogen to yield an immediate colour change from yellow to dark brown. The mixture was left to stir at room temperature with vigorous bubbling of nitrogen for 30 min, before the solid was filtered off and dried. 
POP-O, POP-S, and POP-Se
POP-O1
Physical Measurements and Characterisation
Solid State NMR The 13 C CPMAS solid state NMR experiments were carried out on a wide-bore Bruker Biospin Avance III solids-300 MHz spectrometer operating at a frequency of 75 MHz for the 13 C nucleus. Approximately 80 mg of sample was placed into 4 mm zirconia rotors fitted with Kel-f caps and spun in a double resonance H-X probehead at 8 kHz MAS (magic angle spinning). The 13 C and 1 H 908 radio frequency pulse lengths were optimised to 3.5 ms each. The 13 C spectra were acquired with 1 ms cross polarisation contact time with a total suppression of spinning sidebands (TOSS) scheme, followed by 1 H decoupling at 75 kHz field strength using spinal-64 decoupling. The 
Solid State Electrochemistry
Solid state electrochemical measurements were performed using a Bioanalytical Systems Electrochemical Analyser. Argon was bubbled through solutions of 0.1 M [(n-C 4 H 9 ) 4 N]PF 6 dissolved in distilled CH 3 CN. The cyclic voltammograms were recorded using a glassy carbon working electrode (1.5 mm diameter), a platinum wire auxiliary electrode, and an Ag/Ag þ wire quasi reference electrode. The sample was mounted on the glassy carbon working electrode by dipping the electrode into a paste made of the powder sample in CH 3 CN. Ferrocene was added as an internal standard upon completion of each experiment. All potentials are quoted in V versus Fc þ /Fc.
Solid State UV/Vis/NIR Spectroscopy UV/vis/NIR spectra were obtained on the samples at room temperature using a CARY5000 Spectrophotometer equipped with a Harrick Praying Mantis accessory over the wavenumber range 5000-40000 cm À1 . BaSO 4 was used for the baseline. Spectra are reported as the Kubelka-Munk transform, where
/2R (R is the diffuse reflectance of the sample as compared with BaSO 4 ).
Solid State Spectroelectrochemistry (Vis/NIR)
In the solid state, the diffuse reflectance spectra of the electrogenerated species were collected in situ in a 0.1 M [(n-C 4 H 9 ) 4 N]PF 6 /CH 3 CN electrolyte over the range of 5000-25000 cm À1 using a Harrick Omni Diff Probe attachment and a custom built solid state spectroelectrochemical cell. [28] The cell consisted of a Pt wire counter electrode and a Ag/Ag þ quasireference electrode. The solid sample was immobilised onto a 0.1 mm thick indium-tin-oxide coated quartz slide (which acted as the working electrode) using a thin strip of Teflon tape. The applied potential (from À2.0 to 2.0 V) was controlled using an eDAQ potentiostat. Continuous scans of the sample were taken and the potential increased gradually until a change in the spectrum was observed.
Electron Paramagnetic Resonance (EPR) EPR spectroscopy (Bruker EMX-X band) was performed at room temperature on freshly synthesised materials (,12 mg). The microwave frequency was between 9.75 and 9.85 GHz for all measurements and the microwave power below that required for saturation.
Solid State Spectroelectrochemistry (EPR)
The procedure and cell set up used were those previously described. [29] A three-electrode assembly based on simple narrow wires (A-M Systems) as electrodes where Teflon coated platinum and silver wires were used for the working and quasireference electrodes respectively, and a naked platinum wire as the counter electrode. The sample of interest was wrapped in a small piece of platinum mesh (,5 mm Â 3 mm) lengthwise and the exposed end of the working electrode carefully wrapped in a spiral shape around the platinum mesh. A small piece of platinum mesh (,5 mm Â 4 mm) was rolled up lengthwise and attached in a similar fashion to the counter electrode to ensure that the surface area of the counter electrode was larger than that of the working electrode. The working electrode was positioned lowest such that the redox product of interest was generated at the bottom of the tube and was well separated from the counter electrode. The electrodes were soldered to a narrow three-core microphone wire. The cell used was made by flame sealing the tip of a glass pipette. The potential was controlled with a portable mAutolab II potentiostat and the EPR spectra obtained using an EMX Micro X-band EPR spectrometer with 1.0 T electromagnet.
Gas Adsorption
Gas adsorption measurements over the 0-1 bar range were conducted using a Micromeritics Accelerated Surface Area and Porosity (ASAP) 2020 or 3-Flex instrument. Approximately 50-100 mg of the polymer sample was degassed under vacuum at 708C for ,14 h. Nitrogen and hydrogen adsorption isotherms were measured at 77 K where the temperature was controlled by use of a liquid nitrogen bath. The surface area was determined using the BET method using the ASAP2020 V4.01 or 3-Flex Microactive software.
Supplementary Material
Details of the TGA, electrochemistry, EPR of all polymers, solid state Vis/NIR spectroelectrochemistry of POP-Se and solid state EPR spectroelectrochemistry of POP-S are available on the Journal's website.
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